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AComparison of Gait Characteristics Between Older Women with
and Without Peripheral Neuropathy in Standard and Challenging
Environments
James K. Richardson, MD, Sibylle B. Thies, MS, Trina K. DeMott, MS, PT,
and James A. Ashton-Miller, PhD
OBJECTIVES: To compare gait patterns in older women
with and without peripheral neuropathy (PN) in standard
(smooth surface, normal lighting) and challenging environ-
ments (CE) (irregular surface, low lighting).
DESIGN: Observational, controlled study of 24 subjects.
SETTING: Biomechanical research laboratory.
PARTICIPANTS: Twenty-four older women, 12 with PN
and 12 without PN (mean age  standard deviation 567.1 
7.9 and 70.2  4.3, respectively).
MEASUREMENTS: Gait parameters and, in the 12 PN
subjects, neuropathy severity.
RESULTS: The CE was associated with increases in step
width, step-width variability, step-width range, step width–
to–step length ratio, step time and step-time variability, and
decreases in step length and speed. The PN subjects dem-
onstrated a greater step width–to–step length ratio and step
time and shorter step length and slower speed than the
control subjects. In adapting to the CE, the PN subjects
demonstrated greater increases in step width–to–step length
ratio and step-time variability and a greater decrease in step
length than did the control subjects. In the standard envi-
ronment, only one gait parameter correlated with PN se-
verity, whereas in the CE, four gait parameters did so.
CONCLUSION: The subjects demonstrated a gait that
was slower, less efficient, and more variable temporally and
in the frontal plane in the CE. Control and PN subjects
demonstrated similar variability in medial-lateral step
placement in the CE but at the cost of speed and efficien-
cy for the PN subjects. Because the CE magnified gait dif-
ferences between the two groups of subjects and caused gait
changes in the PN subjects that correlated with PN severity,
the CE may offer improved resolution for detecting gait
abnormalities. J Am Geriatr Soc 52:1532–1537, 2004.
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Because longer axons are usually more vulnerable todisease, a diffuse peripheral neuropathy (PN) typically
reduces sensorimotor function in a distal-to-proximal pat-
tern, leading to reduced sensation and motor impairments
in the feet and ankles.1 Given the importance of somato-
sensory input to the maintenance of balance,2 it is not sur-
prising that older persons with PN are at a markedly
increased risk for injurious falls.3,4 Furthermore the prev-
alence of PN is high, estimated to affect slightly more than
20% of persons aged 65 to 75 in the United States.5 This
prevalence appears to be increasing, likely driven by in-
creasing rates of type II diabetes mellitus and glucose in-
tolerance.6
The study of gait is of interest because a large propor-
tion of falls in older persons, with and without PN, occur
during ambulation.3,7 Differences between neuropathic and
normal gait identified under ideal circumstances (level sur-
face with good lighting) include decreased walking speed,
increased frontal plane motion at the ankle,8 increased time
in double support,9 and substitution of hip flexion for plan-
tar flexion.10 Despite these differences, PN subjects have
not been found to be unstable while walking on a level
surface with good lighting. Underscoring this point, one
study found that PN patients achieved better dynamic up-
per body stability than did control subjects and concluded
that falls by patients with PN were ‘‘likely due to their in-
ability to develop and execute appropriate avoidance and/
or response strategies when faced with unexpected obsta-
cles or large-scale perturbations during locomotion.’’11 This
conclusion agrees with the authors’ clinical experience.
Therefore, gait patterns of older persons with PN in an
environment that causes unexpected perturbations are of
interest. In this study, two groups of older women, one
group with and the other without PN, were observed walk-
ing on a flat surface with high lighting (standard environ-
ment (SE)) and an irregularly contoured surface with low
lighting (challenging environment (CE)). Lower extremity
and trunk positions were continuously recorded so that gait
parameters could be determined. Gait parameters and their
clinical relevance included step-width variability and step-
width range because of their association with frontal plane
control;12 step width–to–step length ratio because of its
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relationship to gait efficiency;13 step length and step time,
which determine speed and are of functional importance in
time-contingent activities such as crossing a street with a
light;14 and step-time variability because of its relationship
to falls.15 It was hypothesized that the CE and the presence
of PN would lead to increasing gait variability, both tem-




PN subjects were recruited from the University of Michigan
Electrodiagnostic Laboratory and Physical Medicine and
Rehabilitation Outpatient Orthotics and Prosthetics Clinic.
All patients underwent history, physical examination, and
electrodiagnostic testing. History and physical examination
focused on the identification of central neurological or
musculoskeletal abnormalities. The University of Michigan
institutional review board approved the project, and all
subjects gave written informed consent.
Inclusion criteria for PN subjects were: age between 50
and 85, symptoms consistent with PN, ability to speak and
understand English, ability to ambulate household distanc-
es without an assistive device, physical examination con-
sistent with PN (absent or decreased Achilles reflexes,
decreased distal lower extremity sensation (vibration, pin-
prick and light touch) which improved proximally) and
electrodiagnostic evidence of a diffuse, primarily axonal
polyneuropathy as evidenced by an abnormal sural re-
sponse (absent or amplitude o6 mV) and peroneal or tibial
motor responses (absent or amplitude o2.0 or 3.0 mV, re-
spectively). The subjects were also evaluated using the
Michigan Diabetes Neuropathy Score (MDNS), a 0- to 46-
point scale (higher score reflecting more severe PN) that
correlates well with more extensive neuropathy staging
scales.16
Exclusion criteria were weight greater than 300 lbs
(135.7 kg), history of balance disorder unrelated to PN, ev-
idence on physical examination of vestibular or central
neurological dysfunction, or a musculoskeletal abnormality
such as severe scoliosis or amputation.
The control subjects were recruited through the Uni-
versity of Michigan Older Americans Independence Center
Research Participant Program. The inclusion/exclusion cri-
teria for the control subjects were the same as those for the
PN subjects, with the exception that the control subjects
had no symptoms or signs of PN. The control subjects
underwent the same screening history and physical exam-
ination as the PN subjects but did not undergo electro-
diagnostic testing.
Subject Preparation and Experimental Apparatus
The subjects were placed in a safety harness that was at-
tached by climbing rope to an overhead track (Figure 1).
The cords were adjusted to prevent the knees from coming
into contact with the floor when the subject hung unsup-
ported. Subjects wore standard, flat-soled athletic shoes
supplied by the laboratory. For all trials, subjects were in-
structed to walk at their own pace, as if they were ‘‘walking
to mail a letter.’’ The SE included a flat, linoleum tile walking
surface and lighting maintained at more than 900 lux by
overhead light. The CE included an irregularly contoured
walking surface and dimmed room lights (o50 lux). The
walkway (1.510 m) was created by randomly arranging
prism-shaped pieces of wood (1.5 cm high, 3.5 cm wide, 6–
16 cm long) beneath dark industrial carpet (Figure 1). Two
optoelectronic markers (infrared-emitting diodes) were
placed 5 cm apart on a malleable aluminum strip (10 cm
1.5 cm) inserted under the tongue of each shoe. The top
marker was located anterior to the center of the malleoli
(estimated to be the center of the tibiotalar joint). A waist
marker was placed on a belt in the midline at the level of the
umbilicus. Two foot switches, each a force-sensing resistor,
Figure 1. Subject preparation and experimental apparatus. Top
illustration: Schematic of irregular walkway used during the ex-
periment. Wooden prisms are oriented randomly beneath an in-
dustrial carpeted surface. Waist and ankle electronic markers are
shown. Lower illustration: Sample data for one trial are shown.
Optoelectronic position data for the right (R) and left (L) ankle
markers were used for calculation of step width (SW) and step
length (SL). The waist marker (W) trajectory is also shown.
Kinematic data were scaled according to the 10-cm bars in the
lower left corner.
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were placed underneath the insole of each shoe. One switch
was placed under the first metatarsophalangeal joint and
the other beneath the calcaneus. Double support was de-
fined as the period of time in the gait cycle during which at
least one switch inside each shoe was activated. Step width,
step length, and average speed were measured at 100 Hz
using an optoelectronic camera system (Optotrak 3020,
Northern Digital Corp., Waterloo, Ontario) toward which
the subject walked within the boundaries of the walkway.
Gait/Data Analysis
The kinematic and force data were processed using a cus-
tom algorithm written in MATLAB to quantify step width,
step length, and walking speed. Speed was calculated by
taking the time derivative of the waist marker during what
was defined as the ‘‘comfortable gait speed’’ interval. This
interval was found by excluding data taken when the waist
velocity was less then 85% of the maximum velocity for
that trial. This was done to eliminate steps taken while the
subject accelerated to and decelerated from comfortable
gait speed. Similarly, the other gait parameters were only
included in the analysis during this interval. Step time was
determined by calculating the time elapsed between closure
of the right and left metatarsal foot switch during comfort-
able gait speed. Step width and step length were defined as
shown in Figure 1.
Statistical Analysis of Gait Parameters
SPSS version 11.0 (SPSS Inc. Chicago, IL) was used for all
analyses. Repeated measures analysis of variance (ANOVA)
was used to identify subject group and environment effects,
and subject group-by-environment interactions. Age and
body mass index (BMI) (weight in kg/height in m2) were
used as covariates. Environment-by-age and environment-
by-BMI interactions were also explored. Descriptive statis-
tics of gait parameters for both subject groups under each
environmental condition were generated. Step-width range
was determined by subtracting the smallest from the largest
step width for each subject in each environment. The stand-
ard deviations of step width and step time were used as
measures of step-width and step-time variability. Two-
tailed paired t tests were used to compare differences in
mean gait parameters within each subject group in the two
environmental conditions. Standard two-tailed t tests were
used to compare group differences in demographic data and
mean gait parameters when walking under the same envi-
ronmental condition. Pearson correlations were used to ex-
plore relationships between clinical PN severity, as
determined by MDNS score, and gait parameters within
the 12 PN subjects. To adjust for multiple comparisons of
means a P-valueo.006 was considered significant and a P-
value  .006 ando.0125 was considered to be a trend for
the t tests and repeated measures ANOVA.
RESULTS
Subjects
The PN and control subjects were of similar age (mean 
standard deviation 67.1  7.9 vs 70.2  4.3, P5.238) and
BMI (30.3  9.5 vs 30.3  12.5 kg/m2, P5.993). As antic-
ipated, the PN subjects demonstrated higher MDNS scores
(17.7  5.7 vs 1.4  1.5, Po.001). The causes of PN in the
PN subjects were diabetes mellitus (n55), connective tissue
disease (n54), past exposure to chemotherapy (n51) and
idiopathic (n5 2).
The Effect of Environment
Repeated measures ANOVA showed that environment had
a significant effect on all gait parameters. The CE was as-
sociated with increases in step width, step-width variability,
step-width range, step width–to–step length ratio, step
time, step-time variability, and decreases in step length and
speed (Figure 2). Therefore, the subjects demonstrated a
slower, wider-based, and more variable gait in the CE.
Direct comparisons of gait parameters under the two
environmental conditions, along with accompanying paired
t test results, are shown in Table 1. The effect of the CE was
to make the gait of the PN subjects more temporally var-
iable, wider-based, and slowerFthe last due to decreased
step length and increased step time. In general, the control
subjects demonstrated similar, but less marked, changes in
gait parameters in the CE, but unlike the PN subjects, the
control subjects did not decrease their step length or in-
crease step width in the CE. As a result, the control subjects
did not demonstrate an increase in step width–to–step
length ratio or decrease in speed in the CE.
The Effect of Subject Group
Multivariate analysis showed that subject group affected all
gait parameters except step width, step-width range, and
variability (Figure 2). The PN subjects demonstrated sig-
nificantly increased step width–to–step length ratio, de-
creased step length and speed, and increased step time and
step-time variability (trend). Therefore the PN subjects
demonstrated a gait that was slower due to decreased step
length and more temporally variable. No significant age or
BMI effects were identified.
Direct comparisons of gait parameters between subject
groups, and the results of the corresponding t tests, are
presented in Table 1. Group differences identified are sim-
ilar to those noted with multivariate analysis, with the ex-
ception that, in the SE, PN subjects did not show differences
from the controls in step-time variability. With regard to
step-width variability and range, there were no group dif-
ferences in either environment, and in the CE, the step-
width variability values were nearly equal (40.7  10.1 vs
39.8  10.9 mm).
Subject Group-by-Environment Interactions
Significant subject group-by-environment interactions for
step width–to–step length ratio, step length, and step-time
variability (trend) were identified (Figure 2). More specif-
ically, in adapting to the CE the PN subjects demonstrated a
greater increase in step width–to–step length ratio, a greater
decrease in step length, and a greater increase in step-time
variability than did the control subjects. No subject group-
by-environment interactions were identified for step-width
variability, step-width range, or step time. Finally, no sig-
nificant BMI-by-environment or age-by-environment inter-
actions were identified for any of the gait parameters.
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Effect of PN Severity
In the SE, only one gait parameter (mean step width,
correlation coefficient (r)5 0.578; P5.049) correlated
with a clinical measure of PN severity, whereas in the CE,
four gait parameters (mean step width, r5 0.671; P5
.017; step-width variability, r50.577; P5.049; step-width
range, r50.675; P5.020; step-time variability, r5  0.619;
P5.032) did so. Therefore with increasing PN severity, the
PN subjects’ gait changed minimally in the SE, but in the CE,
their gait became narrower and more variable in terms of
time and width and steps were taken more quickly.
DISCUSSION
The Effect of Environment
The fact that the CE induced significant changes in all gait
parameters suggests that its effect on gait was profound. In
the CE, steps were slower, wider-based, and more variable in
the frontal plane and temporally. These gait changes may
have been advantageous to the subjects given that none fell.
The slower pace may have allowed better control by de-
creasing the momentum of the subject’s center of mass. The
wide-based gait decreases the chance of a collision between
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Figure 2. Plots demonstrate interactions between subject group and environment for each gait parameter. Adjacent text box lists main
effect significance of subject group and environment and their interaction as determined by repeated measures analysis of variance,
adjusting for body mass index and age. PN5 peripheral neuropathy.
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in older adults when given challenges to their mediolateral
stability.17
The Effect of Subject Group
The PN subjects demonstrated slower speed due to shorter
step length and longer step time in the SE than the control
subjects but no differences in step-width range, step-width
variability, or step-time variability. These latter findings sug-
gest that the PN subjects were not less stable than the control
subjects in the SE, a finding consistent with that of another
study.11 PN subjects demonstrated larger step width–to–step
length ratios in the SE than the controls, suggesting a less
efficient gait for the former.13 Overall, the data suggest that
older female PN patients under ideal conditions are able to
regulate their gait to a similar degree as healthy women of
similar age, but at the cost of speed and efficiency.
In general, the two groups of subjects adapted to the CE
similarly, although the PN subjects often made more ex-
treme adjustments. The most notable exception to this sim-
ilarity of adaptation was that the PN subjects markedly
shortened their step length, but the control subjects did not.
The PN subjects simultaneously showed a tendency to in-
crease step width. As a result the PN subjects markedly
increased their step width–to–step length ratio and de-
creased speed, whereas the control subjects changed neither
parameter. The PN gait patterns represent a marked con-
trast to healthy young men and women who adapted to an
irregular surface by increasing step time and stride length
while maintaining speed.18
Why did the PN patients make these gait changes in the
CE? Widening the base of support during dual stance may
have increased stability. Alternatively, or additionally, in-
creasing step width may have loaded the thigh adductors so
as to improve frontal plane proprioception and control at
the hip. This could compensate for known frontal plane
impairments in ankle proprioception and motor function
associated with PN.19,20 Increasing step width may also
have decreased the risk of collision between the swing and
stance limbs. Shortening step length may have been neces-
sary to accommodate the step-width increase or to mini-
mize time spent in single limb support in the CE. In support
of the latter, previous studies found that PN patients have
less ability to maintain one-legged balance on flat and var-
iable surfaces.21,22
In the CE, there were no group differences in step-
width range, and the two groups demonstrated nearly iden-
tical step-width variabilities (Table 1 and Figure 2). One
way to interpret these data is that these similarly aged
groups of women tolerated similar degrees of foot-place-
ment irregularity in the frontal plane in the CE, but the PN
subjects needed to slow their speed and increase step width–
to–step length ratio, thereby reducing efficiency, to a much
greater degree than the control subjects to achieve similar
control. With previous evidence that closely links lateral
stability and mediolateral foot placement,12,23 subject con-
cern for maintenance of dynamic stability in the frontal
plane may underlie this strategy.
The Effect of PN Severity
In the CE, more severe PN was positively associated with
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with step-time variability and (a trend) step time. One pos-
sible explanation for this is that the subjects with more severe
PN had a progressive decrease in stability during single limb
support in the CE. Consistent with this, previous study iden-
tified impairments in neuropathic patients in maintaining
balance transferring from bipedal to unipedal stance22 and
during termination of gait.24 Given these limitations, sub-
jects with more severe PN may have needed to take a series of
quick successive steps, a common pattern in older persons
confronted with a postural perturbation,25 leading to re-
duced step time and step-time variability. The resultant de-
creased step time gave the subjects with more severe PN less
time to modify the trajectory of the swing limb, leading to an
increased variability of frontal plane foot placement.
Only one gait parameter demonstrated a significant
correlation with PN severity in the SE. In contrast, four gait
parameters significantly correlated with PN in the CE.
These findings suggest that studying PN patients under
challenging circumstances is more likely to yield insight into
gait abnormalities than study under ideal conditions. The
absence of a correlation between PN severity and speed
suggests that the changes in gait are due to factors other
than slowing down.
Implications
The most effective gait allows a person to move over a
variety of terrains safely and with minimal effort. The data
suggest that older women with PN are reasonably stable on
flat surfaces with good lighting but that their gait speed
under these ideal circumstances is somewhat slower than
needed in the community for crossing streets with walking
signals (0.83 m/s, or 68% of the 1.22 m/s needed).14 When
the environment is challenging, the speed of the PN subjects
is severely reduced (0.66 m/s or 54% of the 1.22 m/s nec-
essary for crossing streets). Moreover, the accompanying
reduction in step length compromises gait efficiency so that
PN patients would likely have reduced endurance in the
community. Therefore, although PN subjects appear able to
navigate irregular surfaces under low light conditions safe-
ly, there is a significant cost in terms of speed and efficiency.
These patients will likely benefit from a gait aid26 and
planning when moving in the community.
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